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Standard Model predictions of the CP violation in the mixing of B0d
and B0s mesons are beyond the present experimental sensitivity, any ob-
servation would be therefore a hint of new physics.
The D0 collaboration measures a value of the semileptonic mixing
asymmetry for a mixture of B0d and B
0
s mesons, A
b
SL, which misses the
Standard Model expectation by 3.9 standard deviations. The world aver-
ages of the flavor specific measurements of the semileptonic asymmetries
for B0d and B
0
s mesons, A
d
SL and A
s
SL, are instead in agreement with the
Standard Model.
The combination of the various AqSL (q = d, s) measurements and the
recent LHCb results on B0s → J/ψφ have placed tight bounds on the
hypothesis of new physics which can explain the D0 result.
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1 Introduction
The neutral B0q (q = d, s) mesons mix with their antiparticles leading to oscillations
between the mass eigenstates. The time evolution of the neutral mesons doublet is
governed by an effective hamiltonian H = M − i
2
Γ, where M is the mass matrix and
Γ is the decay matrix, from which the light (L) and heavy (H) physical eigenstates
with defined masses and widths are obtained:
|BL,Hq >=
1√
1 + |q/p|2q
(|Bq > ±(q/p)q|Bq >).
The two eigenstates have a mass difference ∆mq = m
H
q − mLq ' |M q12| and a total
decay width difference ∆Γ = ΓLq − ΓHq ' |Γq12| cosφq, where φq = arg(−M q12/Γq12) is a
CP violating phase.
The time-independent CP violation asymmetry in the B0q mixing is defined as
AqCP =
Prob(B0q (0)→ B0q (t))− Prob(B0q (0)→ B0q (t))
Prob(B0q (0)→ B0q (t)) + Prob(B0q (0)→ B0q (t))
=
1− |q/p|4q
1 + |q/p|4q
=
|Γq12|
|M q12|
sinφq.
If |q/p|q = 1, |BL,Hq > would be also CP eigenstates.
Experimentally, AqCP is obtained from the charge asymmetry in mixed semilep-
tonic B0q decays:
AqCP = A
q
SL =
Γ(B0q → B0q → `+νX)− Γ(B0q → B0q → `−νX)
Γ(B0q → B0q → `+νX) + Γ(B0q → B0q → `−νX)
,
where ` means either electron or muon.
Standard Models predicts [1] AdSL = (−4.0 ± 0.6) × 10−4, φq = −4.9◦ ± 1.4◦,
AsSL = (1.8 ± 0.3) × 10−5 and φs = 0.24◦ ± 0.06◦. New particle exchange in the B0q
box diagrams could enhance AqSL to values within the reach of the current precision
of the experiments [2].
Two classes of measurements are available: the inclusive dilepton asymmetry anal-
yses and the flavor specific analyses. In the first class, AqSL is obtained from the
dilepton asymmetry, AbSL =
N(`+`+)−N(`−`−)
N(`+`+)+N(`−`−) , where an `
+ (`−) tags a B0 (B0). Exper-
iments at hadron colliders measure a combination of the B0d and B
0
s CP parameters,
AbSL = CdA
d
SL+CsA
s
SL, where the Cd,s coefficients depend on the B
0
d,s production rates
and mixing probabilities. Standard Model predicts AbSL = (−2.8+0.5−0.6) × 10−4. In the
second class, AqSL is obtained from the lepton charge asymmetry in the reconstructed
B0d → D(∗)`X and B0s → Ds`X decays.
The current statistical precision of the experiments (O(10−3)) requires a good con-
trol of the charge-asymmetric background originating from hadrons wrongly identified
as leptons or leptons from light hadron decays, and of the charge-dependent lepton
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identification asymmetry that may produce a false signal. The systematic uncertain-
ties associated with the corrections for these effects constitute a severe limitation to
the precision of the measurements. These detector-related effects are reduced, when
possible, by inverting the magnet polarities. They are estimated on control samples
or determined simultaneously to AqSL.
2 D0 like-sign dimuons charge asymmetry mea-
surement
From 9 fb−1 of pp collisions recorded at center-of-mass energy of
√
s = 1.96 TeV [3],
the semileptonic charge asymmetry AbSL is measured from the inclusive single muon
and the like-sign dimuon charge asymmetries:
aµ =
n(µ+)− n(µ−)
n(µ+) + n(µ−)
, Aµµ =
N(µ+µ+)−N(µ−µ−)
N(µ+µ+)−N(µ−µ−) .
Only about 3% of the single muons and 30% of the like-sign dimuons are produced in
decays of mixed B0q mesons. The contributions of muons from light hadrons decays,
as well as their fractions and charge asymmetries, are measured using K∗0 → K+pi−,
φ→ K+K−, KS → pi+pi− and Λ→ ppi− control samples. The contributions of muons
from other sources is obtained from simulation. As shown in figure 1, the observed
single muon charge asymmetry agrees with the expectations for the background. The
asymmetry AbSL, extracted from the asymmetry of the inclusive-muon sample taking
into account the background contribution, is AbSL = (−1.04±1.30(stat)±2.31(syst))%,
in agreement with the Standard Model. The systematic error is dominated by the
uncertainty on the fraction of muons from kaon decays.
As shown in figure 2, the observed like-sign dimuon asymmetry differs significantly
from the background expectations. To reduce the dominant systematic uncertainty
from the background fractions, which is correlated between the single muon and the
dimuon charge asymmetries, AbSL is determined from a linear combination of aµ and
Aµµ, A
b
SL = (−0.787±0.172(stat)±0.093(syst))%. This result differs by 3.9 standard
deviations from the Standard Model prediction.
The asymmetry AbSL is produced by muons from direct semileptonic decays of b
quarks, characterized by a large impact parameter of their trajectories with respect to
the primary vertex. The period of oscillation of the B0d meson is many times longer
than its lifetime so that the mixing probability of B0d increases with large impact
parameters. The B0s meson oscillates a number of times within its lifetime so that
it is fully mixed for any appreciable impact parameter requirement. As a result, the
fraction of mixed B0d mesons can be increased by requiring a high impact parameter,
as shown in figure 3. The measurements with large or small impact parameter use
independent data samples, and the dependence of AbSL on A
d
SL and A
s
SL is different for
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Figure 1: Comparison between the expected background asymmetry (points with
error bars) and the measured asymmetry for the inclusive-muon sample (histogram)
versus the muon transverse momentum.
Figure 2: The observed and expected like-sign dimuon charge asymmetries in bins of
the dimuon invariant mass.
the two samples. The two AbSL measurements in the regions with impact parameter
larger or lower then 120 µm can be therefore combined to obtain the values of AdSL
and AsSL: A
d
SL = (−0.12± 0.52)% and AsSL = (−1.81± 1.06)%.
2.1 Interpretation
The result for AbSL is significantly different from the Standard Model expectation
of CP violation in mixing. The origin of this discrepancy is related to the dimuon
like-sign charge asymmetry, whereas the inclusive single muon charge asymmetry
is in agreement with the expectations. A search for any neglected sources of CP
violation which could affect the dimuon like-sign asymmetry leaving the single muon
one uninfluenced is performed [4].
3
Figure 3: The normalized impact parameter distribution for muons produced in de-
cays of mixed B0d and B
0
s mesons.
The final states of the decays B0d(B
0
d) → ccdd are accessible from both B0d and
B0d. Therefore, the interference of decays to these final states with and without B
0
mixing results in CP violation. It turns out that this CP violation reflects in a like-
sign dimuon charge asymmetry, whereas the inclusive muon charge asymmetry is not
affected. The contribution of this process to the like-sign dimuon charge asymmetry
is:
A(ccdd) = − sin(2β) xd
1 + x2d
ω(ccdd) = −(0.045± 0.016)%,
where xd =
∆md
Γd
, and ω(ccdd) is the weight of this process in the inclusive dimuon
sample.
Taking into account this additional Standard Model source of dimuon charge
asymmetry, the D0 result becomes consistent with the Standard Model expectation
within 3 standard deviations. There is still however some room for new physics CP
violation in B0q mixing, in the interference of B
0
q decays with and without mixing, or
in semileptonic decays of b and c hadrons.
3 Flavor Specific Analyses
3.1 D0 AqSL measurement
From 10.4 fb−1 of pp collisions recorded at center-of-mass energy of
√
s = 1.96 TeV [5,
6], the flavor specific asymmetries AqSL are measured using the exclusive decay chan-
nels B0d → D−Xµ+ν (D− → K+pi−pi−), B0d → D∗−Xµ+ν (D∗− → D0pi−, D0 →
K+pi−), and B0s → D−s Xµ+ν (D−s → φpi−, φ→ K+K−).
With the assumption of no charge asymmetry in the B0q meson production and
no CP violation in charged D mesons or in b semileptonic decays, the CP violation
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asymmetries are obtained as:
AqSL =
Aq − AqBKG
F oscB0q
, (1)
where Aq =
Nq
µ+D−−N
q
µ−D+
Nq
µ+D−+N
q
µ−D+
are the measured raw charge asymmetries, AqBKG are the
detector-related asymmetries, and F oscB0q are the fractions of signal events originating
from oscillated B0q , computed on simulation.
The visible proper decay length of theB0q mesons is defined as VPDL = Lxy(B)
cM(B)
PT (µD)
,
where Lxy(B), M(B) and PT (µD) are, respectively, the transverse decay length, the
reconstructed B0q mass and the transverse momentum of the µD system. Due to the
different oscillation periods of B0d and B
0
s mesons, the fractions F
osc
B0
d
and F oscB0s have
a different dependence on VPDL, as shown in figure 4. A time integrated analysis
Figure 4: Fraction of signal events from mixed B0d mesons (left) and B
0
s mesons (right)
versus the visible proper decay length.
is used for the AsSL measurement, whereas A
d
SL is extracted by means of an analysis
optimized in the different VPDL bins. The first two VPDL bins in the B0d sample are
populated only by background events, therefore they are used as a control sample.
The B0d and B
0
s event selection is performed by means of two multivariate dis-
criminant analyses exploiting several kinematical and topological variables, as the
reconstructed D meson transverse decay length, the B0q candidate mass and the track
isolation. Final cuts are chosen to maximize the signal significance. Figure 5 shows
the D and Ds invariant mass for B
0
d and B
0
s decays.
The raw charge asymmetries Aq are obtained from simultaneous fits to the sum
and the difference of the µ+D− and µ−D+ invariant mass distributions. A significant
raw charge asymmetry Ad = (1.48 ± 0.41)% is measured in the B0d sample, due to
the different interaction lengths of the K+ and K− mesons which result in a different
reconstruction efficiency.
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Figure 5: Left: Invariant mass of Kpipi candidates in B0d decays. Right: Invariant
mass of piφ candidates in B0s decays.
The corresponding asymmetry for the B0s sample, A
s = (−0.40± 0.33)% is negli-
gible due to the charge symmetric K+K− final state.
The detector-related charge asymmetries from the muon identification efficiency
and from kaon and pion decays depend on VPDL. They are estimated from J/ψ →
µ+µ−, K∗0 → K+pi− and KS → pi+pi− control samples and are reduced by reversing
the magnet polarities every two weeks.
Figure 6 shows the resulting AdSL asymmetry versus VPDL for the µD and µD
∗
channels. The final results from equation 1 are AdSL = (0.68±0.45(stat)±0.14(syst))%
and AsSL = (−1.12±0.74(stat)±0.17(syst))%, in agreement with the Standard Model
predictions. The systematics error is dominated by the uncertainties on the back-
ground charge asymmetries and F oscB0q .
Figure 6: AdSL in bins of VPDL, for µD (left) and µD
∗ (right) samples. The cross-
hatched bands show the mean values and their total uncertainties.
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3.2 LHCb AsSL measurement
From 1.0 fb−1 of pp collisions recorded at center-of-mass energy of
√
s = 7 TeV [7],
the flavor specific asymmetry AsSL is measured using the exclusive decay channel
B0s → D−s Xµ+ν (D−s → φpi−, φ→ K+K−).
AsSL is obtained from the following equation:
Ameas =
Γ[D−s µ
+]− Γ[D+s µ−]
Γ[D−s µ+] + Γ[D+s µ−]
=
AsSL
2
+ [Ap − A
s
SL
2
]
∫∞
0 e
−Γst cos(∆mst)(t)dt∫∞
0 e
−Γst cosh ∆mst
2
(t)dt
, (2)
where the production asymmetry Ap =
N−N
N+N
, defined in term of the number of pro-
duced particles N and antiparticles N , is expected to be at most a few percent, and
(t) is the decay time acceptance function for B0s mesons.
Due to the rapid oscillations, the integral ratio is 0.2% and the effect of Ap is
reduced to the level of a few 10−4, under the goal of an error of the order of 10−3.
The measured asymmetry is computed taking into account the detector effects,
reduced by periodically reversing the magnet polarities:
Ameas =
N(D−s µ
+)−N(D+s µ−)× (D
−
s µ
+)
(D+s µ+)
N(D−s µ+) +N(D+s µ−)× (D
−
s µ+)
(D+s µ+)
.
The relative efficiencies (D
−
s µ
+)
(D+s µ+)
are computed on calibration samples: the track ef-
ficiency ratio (pi+)/(pi−) is obtained from the ratio of fully reconstructed and par-
tially reconstructed D∗+ → D0pi+, D0 → K−pi+pi−(pi+), and the muon efficiency ratio
(µ+)/(µ−) from a sample of reconstructed J/ψ → µ+µ− decays, using a tag and
probe method.
Figure 7 shows the selected Ds signal yields for the two different charge combi-
nations. The background asymmetry due to kaon and pion misidentification, prompt
Figure 7: Invariant mass distributions for (a) K+K−pi+ candidates and (b) K+K−pi−
for magnet up with m(KK) within ±20 MeV of the φ meson mass.
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charm decays, B → DsX and B → DsKµνX decays is estimated to be of O(10−4).
Figure 8 shows the corrected measured asymmetry as a function of the muon mo-
mentum. The final results from equation 2 isAsSL = (−0.24±0.54(stat)±0.33(syst))%,
Figure 8: Corrected Ameas as a function of the muon momentum for (a) magnet up,
(b) magnet down, and (c) the average.
in agreement with the Standard Model predictions. The systematics uncertainty is
dominated by the statistical error on the muon efficiency ratio (µ+)/(µ−).
3.3 Babar AdSL measurement
From 425.7fb−1 of e+e− collisions recorded at the Υ (4S) [8], the flavor specific asym-
metry AdSL is measured using the semileptonic transition B
0
d → D∗−X`+ν, with a
partial reconstruction of the (D∗− → pi−D0) decay.
The observed asymmetry between the number of events with an `+ compared to
those with an `− is:
A` ' Ar` + AdSLχd, (3)
where χd is the integrated mixing probability for B
0
d mesons, and Ar` is the detector-
induced charge asymmetry in the B0d reconstruction.
The flavor of the other B0d is tagged looking for charged kaons in the event (KT ).
A state decaying as a B0d (B
0
d) meson results most often in a K
+ (K−). The observed
asymmetry in the rate of mixed events is:
AT =
N(`+K+T )−N(`−K−T )
N(`+K+T )−N(`−K−T )
' Ar` + AK + AdSL, (4)
where AK is the detector charge asymmetry in kaon reconstruction. A kaon with
the same charge as the ` might also come from the Cabibbo-Favored decays of the
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D0 meson produced with the lepton from the partially reconstructed side (KR). The
asymmetry observed for these events is:
AT =
N(`+K+R )−N(`−K−R )
N(`+K+R )−N(`−K−R )
' Ar` + AK + AdSLχd. (5)
Eqs. 3, 4 and 5 can be used to extract AdSL and the detector induced asymmetries.
Due to the small lifetime of the D0 meson, the separation in space between the KR
and the `pi production points is much smaller than for KT . Therefore the proper time
difference ∆t between the two B0d meson decays is used as a discriminant variable.
Kaons in the KR sample are usually emitted in the hemisphere opposite to the `,
while KT are produced randomly, so in addition the cosine of the angle θ`K between
the lepton and the kaon is used.
The B0d → D∗−X`+ν (D∗− → pi−D0) events are selected searching for combina-
tions of a charged lepton and a low momentum pion with opposite charge, consistent
with originating from a common vertex. Signal is selected by means of the squared
of the unobserved neutrino mass, M2ν = (Ebeam−ED∗ −E`)2− ( ~pD∗ + ~p`)2 where the
B0d energy is identified with the beam energy Ebeam in the e
+e− center of mass frame,
E` and ~p` are energy and momentum vector of the lepton, and pD∗ is the estimated
D∗ momentum vector. The signal fraction is determined by fitting the M2ν distri-
bution with the sum of continuum, combinatorial and peaking events. The shape
for combinatorial and peaking events is estimated from the simulation, whereas the
shape for continuum is fixed to the shape of events collected 40 MeV below the Υ (4S)
resonance. Figure 9 shows the result of the M2ν fit.
Figure 9: M2ν distribution for selected events. The data are represented by the points
with error bars. The fitted contributions are overlaid.
AdSL is obtained with a binned fit to ∆t and cos(θ`K). The result of the fit is shown
in figure 10. The final result is AdSL = (0.06 ± 0.17+0.38−0.32)%, in agreement with the
9
Figure 10: Distribution of ∆t (left) and of cos(θ`K) (right) for the continuum sub-
tracted data (points with error bar) and fitted contributions from KR (dark) and KT
(light) for all the K` charge combinations. The raw asymmetry between K+`+ and
K−`− is shown in the left plot.
Standard Model predictions. The systematic error is dominated by the uncertainty
on the sample composition.
4 Conclusions
4.1 World Averages
Figure 11 shows the results of the analyses described in the previous sections [9],
and the world average computed by the Heavy Flavor Averaging Group from a 2-
dimensional fit in the plane (AsSL, A
d
SL), compared with the Standard Model predic-
tions [10].
The average result from the B-factories measurements for the B0d meson is: A
d
SL =
(0.02± 0.31)%. The world averages of the flavor specific analyses for the B0d and B0s
mesons are: AdSL = (0.23 ± 0.26)% and AsSL = (−0.60 ± 0.49)%, respectively, in
agreement with the Standard Model predictions. The result of the 2-dimensional fit
is
AdSL = (−0.03± 0.21)%
AsSL = (−1.09± 0.40)%
which, due to the D0 dilepton measurement, deviates by 2.4 standard deviations from
the expectations.
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Figure 11: Results of the various AqSL measurements in the (A
s
SL, A
d
SL) plane (left).
World average from the 2-dimensional fit computed by the HFAG compared with
the Standard Model predictions (right). The vertical and horizontal bands are the
averages of the result of the flavor specific AdSL and A
s
SL measurements, respectively.
The green ellipse is the D0 measurement with same-sign dimuons and the red ellipse
is the result of the 2-dimensional average. The red point close to (0,0) is the Standard
Model prediction.
4.2 Constraints on New Physics
The relations between the off-diagonal matrix elements |M q12| and |Γq12|, the CP vio-
lating phase φq and the observables ∆mq, ∆Γq and A
q
SL have been already discussed
in section 1. M q12 is very sensitive to new physics contributions [11]. Therefore, the
two complex parameters ∆s and ∆d, defined as M
NP,q
12 = M
SM,q
12 ∆q, ∆q = |∆q|eiφ∆q
can differ from the Standard Model value ∆q = 1, resulting in a modified semileptonic
asymmetry ANP,qSL =
|Γq12|
|MSM,q |
sin(φSMq +φ
∆
q )
|∆q | .
The new phases φ∆q also shift the CP phases extracted from the mixing-induced
CP asymmetries in B0d → J/ψK and B0s → J/ψφ from 2β to 2β + φ∆d and from 2βs
to 2βs− φ∆s , respectively. Therefore the recent LHCb results on B0s → J/ψφ [12] can
be used to constraint the new physics phase φ∆s .
Figure 12 shows the result of the global fits of ∆q to all the relevant data in the
plane (=∆q,<∆q) [1, 13]. Due to the LHCb constraint on φ∆s , the Standard Model
predictions are currently disfavored by only 1 standard deviation and the new physics
scenario described above cannot explain the dimuon D0 result anymore.
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Figure 12: Allowed regions for the new physics parameters ∆d (left) and ∆s (right).
4.3 Summary
CP violation in the mixing of B0q mesons is an excellent laboratory for the search for
physics beyond the Standard Model. In the last couple of years five new measure-
ments have been performed by B-Factories and Hadron Collider experiments, with an
experimental precision of the order of 10−3. All the results, but the D0 measurement
with dimuons, are in agreement with the Standard Model expectations.
In the near future, the study of CP violation in the B0q mixing at the LHC and at
the high intensity B-factories will offer the opportunity to improve the experimental
techniques, perform very stringent Standard Model test and, hopefully, to discover or
to understand new physics.
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